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There must be more than the Standard Model…



Rotational Curves of Galaxies

• Outer rim of galaxies is 
seen to rotate faster 
than expected from 
Newtonian mechanics 

• there is more mass 
than is seen 
interacting

Dark Matter



…executing the ongoing (worldwide) Strategy for Particle Physics



LHC as #1 tool…



Example of Dark Matter Search at the LHC
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Goal of LHC – Identify the Physics beyond the Standard Model

• Explore an energy regime that has 
not been chartered before 

• have entered 13 TeV regime in 
production mode 

• 14 TeV after LS2 and possibly 
15 TeV (study group) 

• Look for small deviations (small 
couplings) from the Standard Model 

• Precision measurements of (rare) 
processes 

• Higgs particle as a portal 

Luminosity need in both cases



LHC schedule
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HL-LHC parameters and timeline

Nominal LHC:   √s = 14 TeV, L= 1x1034 cm-2 s-1

Integrated luminosity ATLAS and CMS 300 fb-1 by 2023 (end of Run-3)

HL-LHC:          √s = 14 TeV, L= 5x1034 cm-2 s-1  (levelled)
Integrated luminosity ATLAS and CMS 3000 fb-1 by ~ 2035   

LS2 (2019-2020):
� LHC Injectors Upgrade (LIU)
� Civil engineering for HL-LHC equipment P1,P5
� First 11 T dipoles P7; cryogenics in P4
� Phase-1 upgrade of LHC experiments 

LS3 (2024-2026):
� HL-LHC installation 
� Phase-2 upgrade of ATLAS and CMS

Project timeline from radiation damage to machine components (inner triplets): end of lifetime ~2023

Schedule driven by radiation damage 
to inner triplet (eol: 2023)

HL-LHC 
High 

Luminosity 
Phase of LHC

Substantial upgrades for 
ALICE and LHCb; 
preparatory upgrades for 
ATLAS and CMS including 
civil construction

end of original LHC



Extraordinary LHC Performance in 2016

• Batch Compression Merging 
and Splitting scheme is 
boosting bunch brightness: 
bunches collide more effectively 
→ increased pile-up 

• Machine availability has 
essentially doubled (meticulous 
attention to operation) 

• Considerably more physics data 
to digest 

8
Status Report on the Year-End Technical Stop and 2016 Outlook SPC 
Frédérick Bordry 
14th March  2016

Improved brightness of LHC beam with the BCMS beam
(BCMS = Batch Compression Merging and Splitting)

- Crucial contribution to the LHC peak luminosity record achieved this year. 
- Breakage of Ring 4 vertical wire scanner June 5th; to be replaced at the next 

TS (Æ no Ring 4 data from that date in plot below).
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Experimental challenge - pile-up

• With every hard interaction of protons many 
other protons in the bunch collide 

• Experiments have to separate hard 
processes from the rest



LHC Luminosity 2016 in pp

• Instantaneous (peak) luminosity 
drives pile-up 

• Availability leads to increased 
computing and data transfer rates 

• >10 PB/month

Data Transfer rates to tape at CERN 

2009 2016

10 PB/m



LHC Run 2017 in full swing

• LHC resumed full operation after extended 
winter stop which saw replacement of 

• SPS dump (vacuum leak) 

• sick LHC dipole in sector 12 

• but observe sudden background burst 
near quadrupole 16L2 leading to 
occasional dumps 

• Experiments carried out their upgrades 

• CMS pixel detector, etc.



Extending mass reach – example searches for Supersymmetry

P. Sphicas 
Highlights from EPS 2017 

m(t1) > 
950 GeV 

Supersymmetry: were we are today 

July 12, 2017 
EPS HEP 2017, Venice 18 

From the CMMSM to the SMS 
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Figure 10: Exclusion contours at the 95% CL in the plane of mec±
1

and mec0
1

for the models of
ec±

1 ec0
2 production (left) for the individual analyses and (right) for the combination of analyses.

The decay modes assumed for each contour are given in the legends.

125 GeV in the mass of ec0
1, improving the observed limits from the previous publication by up363

to 60 GeV [29].364

A statistical combination of several searches is performed and interpreted in the context of365

simplified models of either chargino-neutralino production, or neutralino pair production in366

a gauge-mediated SUSY breaking (GMSB) scenario. For a massless LSP ec0
1 in the chargino-367

neutralino model, the combined result gives an observed (expected) limit in the ec±
1 mass of368

about 650 (570) GeV for the WZ topology, 480 (455) GeV for the WH topology, and 535 (440) GeV369

for the mixed topology. Compared to the results of individual analyses, the combination im-370

proves the observed exclusion limit by up to 40 GeV in the masses of ec±
1 and ec0

2 in the chargino-371

neutralino model. The combination also excludes intermediate mass values that were not ex-372

cluded by individual analyses, including ec±
1 masses between 180 and 240 GeV in the WH topol-373

ogy. In the GMSB neutralino pair model, the combined result gives an observed (expected) limit374

in the ec0
1 mass of 650–750 (550–750) GeV in cross section scenario 1, corresponding to a higher375

cross section value. In cross section scenario 2, the observed (expected) exclusion is as high as376

475–650 (400–650) GeV. The combined result improves the observed limit by up to 200 GeV in377

the mass of ec0
1 in the GMSB neutralino pair model, depending on the assumed cross section378

and branching fractions for the SUSY particle decays.379
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Figure 4: The excluded stau pair production cross section as a function of the stau mass for the
three different helicities: left-handed (left), maximally-mixed (middle), right-handed (right).
The plots in the top row assume a fixed LSP mass of 1 GeV, the ones on the middle row 20 GeV,
and the ones on the bottom row 50 GeV. The inner (green) band and the outer (yellow) band
indicate the regions containing 68 and 95%, respectively, of the distribution of limits expected
under the background-only hypothesis.
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 Electroweak SUSY 

11/07/2017 Monica D'Onofrio, EPS-HEP 2017, Venice 24 

}  Powerful exclusions in decays via sleptons  
}  mass limits on selectron/smuon up to 500 GeV – not 

yet on staus! 

}  If kinematically forbidden, decays via WZ or WH (on-
shell or off-shell in compressed scenarios)  

à Challenging, dedicated analyses performed   

CMS PAS SUS-17-003 

T. Eifert - EW SUSY - LHCP conference - Shanghai - May 15-20 2017 17

CMS: compressed ℓℓ+MET

Special low-pT di-muon + ETmiss trigger, 
offline (el,μ) with pT>5 GeV

Select W(anything)Z(ℓℓ) + ETmiss + ISR jet

Main Backgrounds:
DY(!!→ℓℓ), dibosons,  
Fake & non-prompt leptons

[SUS-16-048]

12 9 Interpretation
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Figure 3: Left: Electroweakino search region for 125 < Emiss
T < 200 GeV (muon only channel)

for 33.2 fb�1; Middle: 200 < Emiss
T < 250 GeV (muon and electron channel) for 35.9 fb�1; Right:

Emiss
T > 250 GeV (muon and electron channel) for 35.9 fb�1. The superimposed signal is from

neutralino-chargino (ec0
2-ec±

1 ) pair production where the mass of the chargino is 150 GeV and
the difference in mass with the lightest neutralino is 20 GeV (TChi150/20).
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Figure 4: Left: et search region for 125 < Emiss
T < 200 GeV (muon only channel) for 33.2 fb�1;

Middle: 200 < Emiss
T < 300 GeV (muon and electron channel) for 35.9 fb�1; Right: Emiss

T >
300 GeV (muon and electron channel) for 35.9 fb�1. The superimposed signal is from et pair
production where the mass of the et is 350 GeV and the difference in mass with the lightest
neutralino is 20 GeV (T2tt350/20).
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CMS PAS SUS-17-004 (limits also as function of BR) 

T. Eifert - EW SUSY - LHCP conference - Shanghai - May 15-20 2017
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Wino → sleptons → LSP scenarios
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Wino → sleptons → LSP scenarios
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130th LHCC Open session - 10th May 2017

Breaking the 2 TeV scale for gluinos

• Vanilla SUSY in jets +ETmiss signatures.

16

ATLAS-CONF-2017-022

reaching well into TeV region



H → 4ℓand combination with H → ɣɣ

Paolo Meridiani

H➝ZZ➝4ℓ (4μ, 2#2μ, 4#)

16

CMS arXiv:1706.09936 Submitted to JHEP ATLAS-CONF-2017-043

Improvements on overall precision ~ x2 wrt Run1 

Starting to approach SM theory uncertainty 

µ = 1.05+0.15
�0.14(stat)

+0.11
�0.09(syst)

µ = 1.28+0.18
�0.17(stat)

+0.08
�0.06(exp)

+0.08
�0.06(theo)

~70 events

Z➝4l

H➝4l

ZZ*➝4l

μ=σ/σSM

Paolo Meridiani

MASS PEAKS⇒MASS MEASUREMENTS
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CMS arXiv:1706.09936

CMS 
H➝ZZ➝4l: 
3D likelihood fit: (m4l, mass uncertainty, ZZ bkg 
discriminator) 
Kinematic fit on higher mass lepton pair 
21% better then 1D(m4l) fit 

mH = 125.26± 0.20(stat)± 0.08(syst) GeV

ATLAS-CONF-2017-046

ATLAS 
Combination of H➝ZZ➝4l & H➝ɣɣ 

H➝ZZ➝4l: statistically limited 
H➝ɣɣ: systematics dominated

Paolo Meridiani 19

INCLUSIVE CROSS SECTIONS

Good agreement with SM prediction 
Run1 ⇒ Run2: theory precision improved x2  
ggH @ N3LO QCD + PDF4LHC [arXiv:1610.07922] 

ATLAS-CONF-2017-047

μ = σ /σSM



H → fermions

Paolo Meridiani

OBSERVATION OF H➝!!

25

CMS HIG-16-043 

4.9σ (4.7σ exp)

4 !! channels (!h!h, e!h, μ!h, eμ) x 3 categories (0-jet, boosted, VBF) 
  2D fit signal extraction: m!! vs (! decay mode, pT, di-jet mass) 

Observation of !! decay mode from a single experiment: 4.9σ (4.7σ exp), 5.9σ when 
combined with CMS Run1  

sensitivity 
driven by VBF 
& boosted 
category

H → τ τ H → bb̄

H➝bb: Run1 ATLAS+CMS 2.6σ (3.7 exp) 

VH(➝bb) production: overcome large QCD background  

3 channels: 0,1,2 leptons 
Backgrounds: W/Z+jets, tt 
Observable: BDT including mbb 

Paolo Meridiani

EVIDENCE FOR H➝bb

26

ATLAS-CONF-2017-041

Evidence for VH(bb): 3.6σ when 
combined with ATLAS Run1

3.5σ (3.0 exp)

H➝bb: Run1 ATLAS+CMS 2.6σ (3.7 exp) 

VH(➝bb) production: overcome large QCD background  

3 channels: 0,1,2 leptons 
Backgrounds: W/Z+jets, tt 
Observable: BDT including mbb 

Paolo Meridiani

EVIDENCE FOR H➝bb

26

ATLAS-CONF-2017-041

Evidence for VH(bb): 3.6σ when 
combined with ATLAS Run1

3.5σ (3.0 exp)

eμ
μτh

e τh

τhτh

Using

4.9 σ 3.5 σfrom run 2



B0 → µµ

Extremely rare 
decay in 
Standard Model

In addition to the combinatorial background, specific b-hadron
decays, such as B0 R p2m1n where the neutrino cannot be detected
and the charged pion is misidentified as a muon, or B0 R p0m1m2,
where the neutral pion in the decay is not reconstructed, can mimic the
dimuon decay of the B0

(s) mesons. The invariant mass of the recon-
structed dimuon candidate for these processes (semi-leptonic back-
ground) is usually smaller than the mass of the B0

s or B0 meson because
the neutrino or another particle is not detected. There is also a back-
ground component from hadronic two-body B0

(s) decays (peaking
background) as B0 R K1 p2, when both hadrons from the decay are
misidentified as muons. These misidentified decays can produce peaks
in the dimuon invariant-mass spectrum near the expected signal,
especially for the B0 R m1m2 decay. Particle identification algorithms
are used to minimize the probability that pions and kaons are mis-
identified as muons, and thus suppress these background sources.
Excellent mass resolution is mandatory for distinguishing between
B0 and B0

s mesons with a mass difference of about 87 MeV/c2 and
for separating them from backgrounds. The mass resolution for
B0

s?mzm{ decays in CMS ranges from 32 to 75 MeV/c2, depending
on the direction of the muons relative to the beam axis, while LHCb
achieves a uniform mass resolution of about 25 MeV/c2.

The CMS and LHCb data are combined by fitting a common value for
each branching fraction to the data from both experiments. The branch-
ing fractions are determined from the observed numbers, efficiency-
corrected, of B0

(s) mesons that decay into two muons and the total
numbers of B0

(s) mesons produced. Both experiments derive the latter
from the number of observed B1 R J/y K1 decays, whose branching
fraction has been precisely measured elsewhere14. Assuming equal rates
for B1 and B0 production, this gives the normalization for B0 R m1m2.
To derive the number of B0

s mesons from this B1 decay mode, the ratio
of b quarks that form (hadronize into) B1 mesons to those that form B0

s
mesons is also needed. Measurements of this ratio27,28, for which there is
additional discussion in Methods, and of the branching fraction
B(B1 R J/y K1) are used to normalize both sets of data and are con-
strained within Gaussian uncertainties in the fit. The use of these two
results by both CMS and LHCb is the only significant source of correla-
tion between their individual branching fraction measurements. The
combined fit takes advantage of the larger data sample to increase the
precision while properly accounting for the correlation.

In the simultaneous fit to both the CMS and LHCb data, the branch-
ing fractions of the two signal channels are common parameters of
interest and are free to vary. Other parameters in the fit are considered
as nuisance parameters. Those for which additional knowledge is
available are constrained to be near their estimated values by using
Gaussian penalties with their estimated uncertainties while the others
are free to float in the fit. The ratio of the hadronization probability
into B1 and B0

s mesons and the branching fraction of the normaliza-
tion channel B1 R J/y K1 are common, constrained parameters.
Candidate decays are categorized according to whether they were
detected in CMS or LHCb and to the value of the relevant BDT dis-
criminant. In the case of CMS, they are further categorized according
to the data-taking period, and, because of the large variation in mass
resolution with angle, whether the muons are both produced at large
angles relative to the proton beams (central-region) or at least one
muon is emitted at small angle relative to the beams (forward-region).
An unbinned extended maximum likelihood fit to the dimuon invari-
ant-mass distribution, in a region of about 6500 MeV/c2 around the
B0

s mass, is performed simultaneously in all categories (12 categories
from CMS and eight from LHCb). Likelihood contours in the plane of
the parameters of interest, B(B0 R m1m2) versus B(B0

s?mzm{), are
obtained by constructing the test statistic 22DlnL from the difference
in log-likelihood (lnL) values between fits with fixed values for the
parameters of interest and the nominal fit. For each of the two branch-
ing fractions, a one-dimensional profile likelihood scan is likewise
obtained by fixing only the single parameter of interest and allowing
the other to vary during the fits. Additional fits are performed where
the parameters under consideration are the ratio of the branching

fractions relative to their SM predictions, S
B0

(s)
SM:B(B0

(s)?mzm{)=

B(B0
(s)?mzm{)SM, or the ratioR of the two branching fractions.

The combined fit result is shown for all 20 categories in Extended
Data Fig. 1. To represent the result of the fit in a single dimuon
invariant-mass spectrum, the mass distributions of all categories,
weighted according to values of S/(S 1 B), where S is the expected
number of B0

s signals and B is the number of background events under
the B0

s peak in that category, are added together and shown in Fig. 2.
The result of the simultaneous fit is overlaid. An alternative repres-
entation of the fit to the dimuon invariant-mass distribution for the six
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Figure 2 | Weighted distribution of the dimuon invariant mass, mm1m2, for
all categories. Superimposed on the data points in black are the combined fit
(solid blue line) and its components: the B0

s (yellow shaded area) and B0 (light-
blue shaded area) signal components; the combinatorial background (dash-
dotted green line); the sum of the semi-leptonic backgrounds (dotted salmon

line); and the peaking backgrounds (dashed violet line). The horizontal bar on
each histogram point denotes the size of the binning, while the vertical bar
denotes the 68% confidence interval. See main text for details on the weighting
procedure.
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Observation of the rare B 0
s Rm 1

m 2
decay from the

combined analysis of CMS and LHCb data

The CMS and LHCb collaborations*
The standard model of particle physics describes the fundamental

particles and their interactions via the strong, electromagnetic and

weak forces. It provides precise predictions for measurable quanti-

ties that can be tested experimentally. The probabilities, or branch-

ing fractions, of the strange B meson (B 0
s ) and the B 0

meson decaying

into two oppositely charged muons (m 1
and m 2

) are especially inter-

esting because of their sensitivity to theories that extend the standard

model. The standard model predicts that the B 0
s ?m 1

m 2
and

B 0?m 1
m 2

decays are very rare, with about four of the former occur-

ring for every billion B 0
s mesons produced, and one of the latter

occurring for every ten billion B 0
mesons 1. A difference in the

observed branching fractions with respect to the predictions of the

standard model would provide a direction in which the standard

model should be extended. Before the Large Hadron Collider (LHC)

at CERN 2 started operating, no evidence for either decay mode had

been found. Upper limits on the branching fractions were an order

of magnitude above the standard model predictions. The CMS

(Compact Muon Solenoid) and LHCb (Large Hadron Collider beauty)

collaborations have performed a joint analysis of the data from

proton–proton collisions that they collected in 2011 at a centre-of-

mass energy of seven teraelectronvolts and in 2012 at eight teraelec-

tronvolts. Here we report the first observation of the B 0
s ? m 1

m 2

decay, with a statistical significance exceeding six standard deviations,

and the best measurement so far of its branching fraction.

Furthermore, we obtained evidence for the B 0?m 1
m 2

decay with

a statistical significance of three standard deviations. Both mea-

surements are statistically compatible with standard model predic-

tions and allow stringent constraints to be placed on theories beyond

the standard model. The LHC experiments will resume taking data in

2015, recording proton–proton collisions at a centre-of-mass energy

of 13 teraelectronvolts, which will approximately double the produc-

tion rates of B 0
s and B 0

mesons and lead to further improvements in

the precision of these crucial tests of the standard model.

Experimental particle physicists have been testing the predictions of

the standard model of particle physics (SM) with increasing precision

since the 1970s. Theoretical developments have kept pace by improving

the accuracy of the SM predictions as the experimental results gained in

precision. In the course of the past few decades, the SM has passed

critical tests derived from experiment, but it does not address some

profound questions about the nature of the Universe. For example, the

existence of dark matter, which has been confirmed by cosmological

data 3, is not accommodated by the SM. It also fails to explain the origin

of the asymmetry between matter and antimatter, which after the Big

Bang led to the survival of the tiny amount of matter currently present

in the Universe 3,4. Many theories have been proposed to modify the SM

to provide solutions to these open questions.

The B 0
s and B 0

mesons are unstable particles that decay via the weak

interaction. The measurement of the branching fractions of the very

rare decays of these mesons into a dimuon (m 1
m 2

) final state is espe-

cially interesting.
At the elementary level, the weak force is composed of a ‘charged

current’ and a ‘neutral current’ mediated by the W 6
and Z 0

bosons,

respectively. An example of the charged current is the decay of the p 1

meson, which consists of an up (u) quark of electrical charge 12/3 of

the charge of the proton and a down (d) antiquark of charge 11/3. A

pictorial representation of this process, known as a Feynman diagram,

is shown in Fig. 1a. The u and d quarks are ‘first generation’ or lowest

mass quarks. Whenever a decay mode is specified in this Letter, the

charge conjugate mode is implied.

The B 1
meson is similar to the p 1

, except that the light d antiquark

is replaced by the heavy ‘third generation’ (highest mass quarks)

beauty (b) antiquark, which has a charge of 11/3 and a mass of

,5 GeV/c 2
(about five times the mass of a proton). The decay

B 1
R m 1

n, represented in Fig. 1b, is allowed but highly suppressed

because of angular momentum considerations (helicity suppression)

and because it involves transitions between quarks of different genera-

tions (CKM suppression), specifically the third and first generations of

quarks. All b hadrons, including the B 1
, B 0

s and B 0
mesons, decay

predominantly via the transition of the b antiquark to a ‘second gen-

eration’ (intermediate mass quarks) charm (c) antiquark, which is less

CKM suppressed, into final states with charmed hadrons. Many

allowed decay modes, which typically involve charmed hadrons and

other particles, have angular momentum configurations that are not

helicity suppressed.
The neutral B 0

s meson is similar to the B 1
except that the u quark is

replaced by a second generation strange (s) quark of charge 21/3. The

decay of the B 0
s meson to two muons, shown in Fig. 1c, is forbidden at

the elementary level because the Z 0
cannot couple directly to quarks of

different flavours, that is, there are no direct ‘flavour changing neutral

currents’. However, it is possible to respect this rule and still have this

decay occur through ‘higher order’ transitions such as those shown in

Fig. 1d and e. These are highly suppressed because each additional

interaction vertex reduces their probability of occurring significantly.

They are also helicity and CKM suppressed. Consequently, the

branching fraction for the B 0
s ?mz

m{
decay is expected to be very

small compared to the dominant b antiquark to c antiquark transitions.

The corresponding decay of the B 0
meson, where a d quark replaces the

s quark, is even more CKM suppressed because it requires a jump

across two quark generations rather than just one.

The branching fractions, B, of these two decays, accounting for

higher-order electromagnetic and strong interaction effects, and using

lattice quantum chromodynamics to compute the B 0
s and B 0

meson

decay constants 5–7, are reliably calculated 1 in the SM. Their values are

B(B 0
s ?mz

m{
)SM ~(3:66+0:23)|10{9

and B(B 0?mz
m{

)SM ~

(1:06+0:09)|10 {10.
Many theories that seek to go beyond the standard model (BSM)

include new phenomena and particles 8,9, such as in the diagrams

shown in Fig. 1f and g, that can considerably modify the SM branching

fractions. In particular, theories with additional Higgs bosons 10,11 pre-

dict possible enhancements to the branching fractions. A significant

deviation of either of the two branching fraction measurements from

the SM predictions would give insight on how the SM should be

extended. Alternatively, a measurement compatible with the SM could

provide strong constraints on BSM theories.
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From limit to measurement for B0 → µµ

The rare decay was 
known to be particularly 
sensitive for new physics. 

25 years of experimental 
research to reach SM 
sensitivity. 

Compatible with SM – 
new physics not hiding 
here?
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Measurement of BR(Bs→μμ) and search for Bd→μμ

• Re-analyse Run 1 data with improved selection  (background halved) and add 1.4 
fb-1 of Run 2 data 

• First single-experiment observation of Bs→μμ mode; measurement of BR has same 
precision as previous Run 1 LHCb-CMS combined analysis [Nature 522 (2015) 68].  

Recent result 
from LHCb alone



Measurement of RK*

Expect µµ and ee-branchings to be the 
same – apart from well understood mass 
contributions 

Lepton Flavour Universality: RK⇤0

low-q2

central-q2

RK⇤0 0.660 + 0.110
� 0.070 ± 0.028 0.685 + 0.113

� 0.069 ± 0.047
95% CL [0.517,0.891] [0.530,0.935]
99.7% CL [0.454,1.042] [0.462,1.100]

Compatibility with the
Standard Model:
low-q2: 2.1-2.4�

central-q2: 2.4-2.5�
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More information: CERN Seminar given by Simone Bifani

LHCb-PAPER-2017-013
in preparation

A.Dziurda (CERN) LHCC, 10.05.2017 20 / 39

Lepton Flavour Universality: RK⇤0

In Standard Model couplings are equal for b ! sµ+
µ

�

and b ! se+e�.

LFU test with B+ ! K+ll published (PRL 113 (2014) 151601)

Measurement with B0 ! K⇤0l+l�, K⇤0 ! K⇡ decays.

RK⇤0 is calculated as double ratio:

Measurement performed in two q2 bins:

low: [0.045 - 1.1] GeV2/c4

central [1.1 - 6.0] GeV2/c4

where q2 is the squared di-lepton invariant mass.

Data set: 1.0 (7 TeV) + 2.0 (8 TeV) fb�1

Standard Model (SM)

New Physics?

LHCb-PAPER-2017-013
in preparation

A.Dziurda (CERN) LHCC, 10.05.2017 18 / 39
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LHCb-Paper-2017-013

So far a ~2.5 σ effect



Heavy Ion Physics
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Pb-Pb: J/ψ suppression at 5 TeV

• nuclear modification 
factor RAA: 
 

• very different behaviour 
between LHC and RHIC 
(vs both centrality and pT) 

• most straightforward 
explanation: c-cbar 
recombination at LHC

RAA =
N(J /ψ)AA

Nbin N(J /ψ)pp

New and precise 5 TeV data 
support even further increase



Strangeness production in high-energy pp

Strangeness 
increases in high-
multiplicity pp-
collisions  

Evidence for 
Quark-Gluon 
plasma in pp 
collisions



High Luminosity LHC



4

HL-LHC main upgrade components (and challenges  )High-Luminosity LHC approved by Council in 2016

High-Luminosity (HL-LHC) 

• 5x1034 cm-2s-1 levelled;  
i.e. factor 5 over design 

• to yield 3 ab-1 by ~2035 

requires 

• focussing β*=15 cm 

• crab crossing



LHC-Injector upgrades – Linac 4 taken into operation*

• Commissioning started 
2014 

• protons have been  
accelerated to 
160 MeV 

• using π-mode 
structures PIMS for 
high energy 
acceleration 

Inauguration 9.5.2017

*not yet connected to booster



HL-LHC schedule

3

HL-LHC parameters and timeline

Nominal LHC:   √s = 14 TeV, L= 1x1034 cm-2 s-1

Integrated luminosity ATLAS and CMS 300 fb-1 by 2023 (end of Run-3)

HL-LHC:          √s = 14 TeV, L= 5x1034 cm-2 s-1  (levelled)
Integrated luminosity ATLAS and CMS 3000 fb-1 by ~ 2035   

LS2 (2019-2020):
� LHC Injectors Upgrade (LIU)
� Civil engineering for HL-LHC equipment P1,P5
� First 11 T dipoles P7; cryogenics in P4
� Phase-1 upgrade of LHC experiments 

LS3 (2024-2026):
� HL-LHC installation 
� Phase-2 upgrade of ATLAS and CMS

Project timeline from radiation damage to machine components (inner triplets): end of lifetime ~2023

Schedule driven by radiation damage 
to inner triplet (eol: 2023)



A few physics example for HL-LHC

• measurement of Higgs couplings 

• deviations may be at the few %-level 

• access to second generation couplings H→μμ 

• 20-30% larger discovery potential (8 TeV) 

• precision measurements

6

HL-LHC physics case

If new particles discovered in Run 2-3: 
Æ HL-LHC may find more and provide first 

detailed exploration of the new physics with 
well understood machine and experiments

Precise measurements of the Higgs boson 

E.g. H couplings (interaction strengths) to other 
particles with precision 2-5% (10% at nominal LHC)
New Physics can alter these couplings by < 5% 
Æ highest experimental precision needed to detect it 

In addition: measure H couplings to second-generation particles through rare HÆ μμ decay 
Nominal LHC: only couplings to (heavier) third-generation particles (top-quark, b-quark, 𝜏𝜏-lepton) 

1

Discovery potential for new particles

~20-30% larger (up to m ~ 8 TeV) than nominal LHC

2

3
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SM Physics Menu on the LHC and HL-LHC Running Schedule 

Paolo Meridiani

TIMELINE BEYOND RUN2

36

150fb-1 300fb-1 

1000fb-1 

3000fb-1 

HL-LHC: >5E34 cm-2s-1 
>300 fb-1/year, pile-up >140 

Credits: A. David @ GRC 2017

– Beware: 20 years extrapolation 
– Nature may choose to serve 
surprises



Phase II Detector upgrades

– replace radiation-damaged components 
– enable detectors to withstand the rates at phase I performance



ATLAS ITk strips TDR (Phase II Upgrade)

• Settled on 5 pixel + 4 strips system 

• Only the strips are evaluated in TDR – 
although status of pixel mentioned 

• The pixel TDR will follow at the end of 
2017 

• Large document 
(>500 pages)
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3.2 The ITk Layout

Figure 3.5: Schematic layout of the ITk for the HL-LHC phase of ATLAS. Here only one quadrant
and only active detector elements are shown. The horizontal axis is the axis along the beam line
with zero being the interaction point. The vertical axis is the radius measured from the IP. The outer
radius is set by the bore of the solenoid.

depending on the ring layer and h position. The pixel layout will be presented in detail in
Section 3.2.2.

The tracking detector is surrounded by a polyethylene moderator to moderate neutrons.
This decreases the 1 MeV neutron equivalent silicon damage fluence arising from the flux
of neutrons entering from the calorimeters. Gaps will be preserved between sub-detector
parts to allow for supports, services, and insertion clearances.

3.2.1 Layout of the ITk Strip Detector

The ITk Strip Detector consists of a four-layer barrel section and one end-cap on each side
with six disks each to provide good coverage to within 10� of the beam axis. The strip sys-
tem covers ± 2.7 units of rapidity (see Figure 3.5). The strip barrel extends from -1400 mm
to +1400 mm along the z-axis. The radii at which the barrel layers are located and the z-
positions of the end-cap disks are chosen to optimise the number of hits on a track and the
pT-resolution. An overview of the geometry with the location of the sensing elements in
the strip barrel section is given in Table 3.1. The two inner layers of the barrel are equipped
with short strips of 24.1 mm length. The two outer layers have longer strips with 48.2 mm.
All strips in the barrel section have a pitch of 75.5 µm.

The strips in the end-cap are radially distributed and pointing to the centre of the beam-
axis. The strip lengths in the end-caps are optimised to keep the strip occupancy below
1%, resulting in varying strip lengths increasing from 19.0 mm in the region closest to the
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10 Strip Detector Global Support

In this chapter, the global structures that have the primary role to locate robustly the sub-
structures carrying the strip modules are discussed: staves and petals in the barrel and
end-cap structures respectively. The structures will be largely made of carbon-fibre in or-
der to cope with large temperature variations up to 60�C. Whenever possible, interfaces are
glued, rather than bolted, with adhesives that are qualified for the expected radiation level
including safety factors.

Figure 10.1: Cross section of the outer cylinder that accommodates the strip barrel and end-cap
structures. The Pixel system (not shown) is placed in the inner tubes of these structures. The outer
cylinder is closed by structural end-plates (bulkheads).

Figure 10.1 illustrates the large structures that constitute the ITk Detector. These structures
are independently constructed and assembled at different institutes and later combined at
CERN. The strip structures, a barrel and two end-caps, are housed inside the outer cylinder
(OC) (7 m long by 2 m diameter) made with carbon fibre skins over a honeycomb core, see
Chapter 18 for a detailed description. The outer cylinder supports the strip barrel layers
through interlinks at its outer ends and the strip end-caps through a semi-kinematic rail
system. The elements of the interfaces directly attached to the strip structures are discussed
in the following.
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Planned deluge of Technical Design Reports (TDRs)

Experiment System Date CORE	MCHF SOURCE
ATLAS ITkStrip Dec-16 61 TDR	ITkStrip
ATLAS Muon Jun-17 34 SD
ATLAS LAr Sep-17 36 SD	-	sFCal
ATLAS Tile Sep-17 9 SD
ATLAS TDAQ Dec-17 43 SD
ATLAS ITkPixel Dec-17 59 SD
CMS Tracker Jul-17 112 SD
CMS Barrel	Cal Sep-17 11 SD
CMS Muon Sep-17 25 SD
CMS Endcap	Cal Nov-17 64 SD
CMS Trigger	DAQ/HLT >2019 24 SD

SD= 
Scoping Documents

ATLAS  
Letter of Intent + Scoping 
Document 
CERN-LHCC-2012-022  
CERN-LHCC-2015-020 

CMS  
Technical Proposal + 
Scoping Document 
CERN-LHCC-2015-010 
CERN-LHCC-2015-019 



Timeline

TDR COST

RRB Special Special Special RRB

ATLAS	Strip		ITK 61 RB
ATLAS	Muon 34 Draft UCGP LHCCRPub UCGR RB
ATLAS	LAr 36 Draft UCGP LHCCRPub UCGR RB
ATLAS	pixel	ITk 59 Draft UCGP LHCCRPub UCGR RB
ATLAS	Tile 9 Draft UCGP LHCCRPub UCGR RB
ATLAS	TDAQ 43 Draft UCGP LHCCRPub UCGR RB

CMS	Tracker 112 Preview Draft UCGP LHCCRPub UCGR RB
CMS	Barrel	Cal 11 Draft UCGP LHCCRPub UCGR RB
CMS	End	Cap	Cal 64 Draft UCGP LHCCRPub UCGR RB
CMS	Muon 25 Draft UCGP LHCCRPub UCGR RB
CMS	TDAQ 24 IntDoc

codes
LHCC	review LHCCR Preview	TDR Preview

UCG	Review UCGR Final	Draft	TDR Draft

RB	Submission RB Public	TDR Pub

UCG	Package UCGP

Dec-17 Jan-18 Feb-18 Mar-18 Apr-18Jun-17 Jul-17 Aug-17 Sep-17 Oct-17 Nov-17

Indication of physics, technical and cost 
scrutiny of the upgrade process of the 

experiments



Highest energy hadron colliders

From European Strategy of Particle Physics 
CERN should undertake design studies for accelerator projects in a global context, with emphasis on proton-
proton and electron-positron high-energy frontier machines. These design studies should be coupled to a 
vigorous accelerator R&D programme, including high-field magnets and high-gradient accelerating structures, in 
collaboration with national institutes, laboratories and universities worldwide. 



Future Circular Collider FCC

• Study for A 100 km ring providing collisions at 100 TeV cm 

• employs injector chain of CERN



High-field magnets

• Key to high energies 

• FCC and 

• HE-LHC = use of high field magnets in existing LHC ring 

• Technology 

• Nb3Sn allows ~16 T magnets that need to be developed (size, cost, industry…) 

• HL-LHC magnets provide a ~1.2 km test of the technology (11 T magnets) 

• an insert of HTS may increase field to 20 T (requires considerable research)



International Collaboration on Magnet Development

• Nb3Sn magnets: international R&D programme 

• several European countries and US LARP 
programme and its successor

1.2KM	of	LHC	modified



FCC Conceptual Design Report by end 2018

• pp-Collider (FCC-hh) – sets the boundary conditions 

• 100 km ring, √s=100 TeV, L~2x1035  

• HE-LHC is included (~28 TeV) 

• e+e--Collider as a possible first step 

• √s= 90 - 350 GeV,  
L~1.3x1034 at high E 

• eh-Collider as an option 

• √s=3.5 TeV, L~1034 



Highest energy with lepton colliders



Compact Linear Collider CLIC

• e+e- collider 1-3 TeV 

• currently only option for the TeV 
region 

• 380 GeV study has been completed  
both for 2-beam and klystrons 
approach; now explore 250 GeV  

• decisive input to next update of 
European Strategy for Particle 
Physics

- CDR 2013 
- CTF3 has provided key results 

- experimental programme ended 2016 
- ready for a demonstrator 



e+e- collider

From European Strategy of Particle Physics 
There is a strong scientific case for an electron-positron collider, complementary to the LHC, that can study the 
properties of the Higgs boson and other particles with unprecedented precision and whose energy can be 
upgraded. The Technical Design Report of the International Linear Collider (ILC) has been completed, with large 
European participation. The initiative from the Japanese particle physics community to host the ILC in Japan is 
most welcome, and European groups are eager to participate. 
 
Europe looks forward to a proposal from Japan to discuss a possible participation. 



International Linear Collider ILC

• e+e- collider √s = 0.5 TeV 
(upgradeable to 1 TeV) 

• staged version for 
√s = 0.25 TeV being promoted 

• precision Higgs (and Top) 
programme and beyond 

• Ministry MEXT continues to 
evaluate the implications of 
hosting ILC in Japan w.r.t. cost, 
manpower (skills)

- Project is mature (TDR 2012) 
- hosting evaluated by Japanese government 
- expect (some) statement by the end of 2018 



ν-physics

From European Strategy of Particle Physics 
Europe should explore the possibility of major participation in leading long-baseline neutrino projects in the US 
and Japan. 



Short baseline programme at Fermilab

• To resolve experimental 
inconsistencies in the 
measured ν-spectrum 

• SBND (near detector) 

• MicroBooNE 
(operating) 

• MiniBooNE 

• refurbished ICARUS 
arrived at Fermilab

Lockyer | INC March 30, 20175



ICARUS Trip

CERN Fermilab

Burns Habor



Long baseline neutrino programmes

• Fermilab is planning a  
long baseline neutrino facility 
(LBNF), a wide band neutrino 
beam to the DUNE experiment 
(LArTPC) in South Dakota 

• Tokyo is considering Hyper-K 
(water Cherenkov detector) at 
Kamioka 

• Goals: neutrino-oscillation 
parameters, mass hierarchy and 
CP-violation, …



Neutrino Platform at CERN
To develop experimental 
techniques, e.g. 
protoDUNE 
– single phase LArTPC 
– double phase LArTPC

Lockyer | INC March 30, 201711

CERN Neutrino Platform
CERN support of international neutrino program
• Major CERN infrastructure investment for DUNE: 

– New building: EHN1 extension in the North area
– Two tertiary charged-particle beam lines
– Two large (8x8x8m3) cryostats & cryogenic systems

ProtoDUNE-DP ProtoDUNE-SP

Beneficial�occupancy
later�this�year

11/08/2016 Mark Thomson | DOE Review of LBNF/DUNE29

Building blocks of 
Dune detector



Preparing the protoDUNE cryostat structures at CERN

at the neutrino platform

preparing the cryostat 
inner structures

active volume 6x6x6 m3 



Towards 2020 Update of European Strategy for Particle Physics

– LHC and HL-LHC exploitation (√) 
– Prepare for the next step at the energy frontier 
– Rich diversity programme…



LHC and its injector chain used for physics

• LHC 

• ongoing Run 2 @ 13 TeV 

• Injectors supporting 

• Fixed target programme 

• ISOLDE (isotopes) 

• n-ToF 

• AD-programme

⎫ 
｜ 
⎬75% of all p 
｜ 
⎭



Physics Beyond Collider Study

• Kickoff meeting held in September 2016 
Follow-up in November 2017 

• Study of fixed target programme 
 
 
…even with LHC beams

C. Vallée, SPC 299, Sept. 13th 2016 Physics Beyond Colliders 12

Similar layout as NA62,
with larger acceptance to
reach the c / b mass range

Beam Dump Facility
already under study

at CERN

SHiP: 
Flagship program for a comprehensive investigation 

of the Dark Sector in the few GeV domain

Exploits the unique high-E/ high-I SPS features

Physics Beyond Colliders 13

Dark sector search complementary to SHiP: 
invisible decays from missing energy

First implementation in 2016 by NA64 on an electron test beam
Wish to extend the method to μ / π / K / p beams

(+ possibly higher intensity e’s with AWAKE techno)

C. Vallée, SPC 299, Sept. 13th 2016 Physics Beyond Colliders 14

New ideas: Fixed Target physics with LHC beams

Upstream 
of LHCb
and/or 
ALICE

Internal gas target
or

Crystal extraction

SMOG

UA9

Proposed for measurement of 
magnetic moments of short lived baryons

Proposed for comprehensive PDF/Spin/HI
measurements in a new kinematical domain 

SMOG



Physics Beyond Collider Study cont’d

Study of an all-electric storage ring

Strategiegespräch Verbundforschungsförderung Förderperiode 2018-2021 Physik der kleinsten Teilchen - CERN Christoph Rembser         

Examples of PBC studies

9

COMPASS after LS2:  
exotic states spectroscopy 
complementary to LHCb/PANDA

NA62 after LS2:
K0 decays 
complementary 
to K+ decays 
for the  
CKM matrix 
and 
BSM searches

Beam dump experiments for hidden-sector particles searches, 
e.g. heavy neutral lepton searches 

Storage ring
for proton EDM:
CP-violation testcurrent limits

HNL mass

Coupling

16

New idea: Pure Electrostatic Storage Ring for proton EDM
10-29 e-cm sensitivity would correspond to 100 TeV for new physics energy scale.

Pure electrostatic ring applicable to proton only

Sensitivity of 10-29 e-cm corresponds to 
100 TeV for new physics scale



Open Access and SCOAP3 



HEP supporting Golden Open Access Policy

• Open Access has become the Standard 
for HEP and policy at CERN 

• with APS joining SCOAP3 some 85% 
of particle physics publications are 
covered by golden Open Access 
status 

• Collaborative spirit of HEP community 
has helped introduce a successful 
implementation of Golden Open Access 

IEEE	/	JINST	/	NIM	/	PRAB

SCOAP3	
80%

Other	OA	5%

Su
bj
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t o

f p
ub

lic
at
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n

HEP	(experiments)	
40%

HEP	(theory)	
40%

Nuclear	(experiments)	
10%

Other	theory	
10%

Instrumentation,	
Accelerators,	Beams

O
ut

le
t o

f p
ub

lic
at

io
n



Summary

• Experimental Programme of LHC extremely rich; long range experimental 
programme guarantees physics return 

• by exploring the highest energies 

• by searching for violations of the SM in (highly sensitive) rare decays 

• Preparing Update of the European Strategy for Particle Physics 

• LHC and HL-LHC 

• Energy Frontier 

• Vibrant physics programme beyond colliders

2018 (end): reports on Physics 
2019: community discussion 
with input from other regions


